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Atom Interferometry with up to 24-Photon-Momentum-Transfer Beam Splitters
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We present up to 24-photon Bragg diffraction as a beam splitter in light-pulse atom interferometers
to achieve the largest splitting in momentum space so far. Relative to the 2-photon processes used
in the most sensitive present interferometers, these large momentum transfer beam splitters increase
the phase shift 12-fold for Mach-Zehnder (MZ-) and 144-fold for Ramsey-Borde´ (RB-) geometries.
We achieve a high visibility of the interference fringes (up to 52% for MZ or 36% for RB) and long
pulse separation times that are possible only in atomic fountain setups. As the atom’s internal state
is not changed, important systematic effects can cancel.
PACS numbers: 03.75.Dg, 37.25.+k, 67.85.-d
Light-pulse atom interferometers are tools for experi-
ments of exquisite precision [1], such as tests of general
relativity [2] and measurements of the fine-structure con-
stant α [3, 4, 5], the local gravitational acceleration g
[6], its gradient [7], the Sagnac effect [8], or Newton’s
gravitational constant [9]. Their sensitivity compares fa-
vorably with the best competing methods. Substantial
progress would not only improve the above experiments,
but also enable new ones: For example, tests of gravity
[10], quantum electrodynamics [11], or the detection of
gravitational waves [12]. Like in optical interferometers,
the sensitivity scales with the phase difference φ of the
waves in the interferometer arms. This can be increased
via the arms’ momentum-space splitting. Conventionally,
the splitting is provided by the momentum of 2~k that is
transferred to the atom by a two-photon process (where
k is the wavenumber). Efforts to increase it have been
limited to 6~k. They have used momentum transfer by
extra light pulses [13, 14], which might lead to additional
systematic effects, or supersonic atomic beams [15, 16],
whose inherently short evolution time limits the sensi-
tivity. Up to 140~k have been transferred by adiabatic
transfer [3, 4], but this affects the common, not the rel-
ative momentum of the arms. Here, we use multiphoton
Bragg diffraction of atoms by an optical lattice as a beam
splitter. We achieve interferometry with a momentum-
space splitting of up to 24~k, the largest so far. In some
important applications [3, 4, 11], this leads to a 144-fold
increase in the phase. Moreover, Bragg diffraction does
not change the atom’s internal state, so that important
systematic effects can cancel. This work thus allows for
substantial progress in both sensitivity and precision of
atom interferometry.
In multiphoton Bragg diffraction, the atom coher-
ently scatters 2n photons from a pair of antiparallel
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FIG. 1: A: MZI. “pi/2” pulses transfer momentum with a
probability of 1/2. They thus act as beam splitters; “pi” pulses
act as mirrors. B: Conjugate RBIs; either is selected by the
last pi/2 pulse pair as described in the text. Not shown are
outputs of the third beam splitter, which do not interfere.
laser beams, without changing its internal state. The
atom thereby acquires a kinetic energy of 4n2~ωr, where
ωr = ~k
2/(2M) is the recoil frequency and M the mass
of the atom. Match with the energy n~(ω1 − ω2) lost by
the laser field defines the resonance condition for the dif-
ference frequency ω1−ω2 of the beams. Bragg diffraction
has been used to transfer up to 16~k [17], but interfer-
ometry so far has been limited to 6~k [15, 16], with up
to 26% visibility of the interference fringes [16]. These
atomic beam setups are also limited by a relatively short
pulse separation time of < 1ms.
The phase difference φ = φF +φI contains a contribu-
tion of the atom’s evolution between the beam splitters
φF , and one of their interaction φI . To discuss specifi-
cally the effects of large momentum transfer beam split-
ters, it is useful to consider Mach-Zehnder and Ramsey-
Borde´ interferometers (MZI and RBI) separately. In
MZIs (Fig. 1 A), φF vanishes for constant g, but grav-
ity causes a φI by lowering the height at which the
arms interact with the beam splitters. If the momen-
tum transferred by the beam splitter is 2n~k, where n
is an integer, a MZI thus has a phase difference of [1, 6]
φMZ = n(2kgT
2 − φL), where φL = φ1 − 2φ2 + φ3 are
the phases φ1−3 of the laser fields at some reference point.
Here, multiphoton beam splitters lead to a linear increase
in phase. In RBIs, only one arm receives momentum from
the beam splitters (Fig. 1 B). Thus, φF = 2EkinT/~ is
2~ 120MHz
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FIG. 2: Setup (simplified). PD; photodetector. For the
injection lock, we use polarization spectroscopy [18], which
does not require modulation of the laser light. AOM1
(Isomet 1206C) amplitude modulates, AOM2 (Crystal Tech-
nology 3200-124) splits and AOM3 (Isomet 1205C-1) ramps
the frequency of the beams. EOM2 (New Focus) generates
∼ 9.2GHz sidebands for the velocity selection.
nonzero due to the difference in kinetic energy Ekin. The
same term, times minus two, enters φI due to the modi-
fied locations at which the atoms interact. Summing up,
[4]
φRB = ±8n2ωrT + 2nkg(T + T ′)T + nφL. (1)
The plus and minus signs are for the upper and lower
interferometer, respectively, and φL = φ2 − φ1 − φ4 + φ3
is given by the phases φ1−4 of the laser pulses. The re-
coil term in RBIs scales quadratically with the momen-
tum splitting. So far, the highest was 4~k. It has been
achieved by applying additional light pulses [14].
Our apparatus (Fig. 2) loads 133Cs atoms from a 2-
dimensional magneto-optical trap (2D-MOT; not shown)
into a 3D-MOT. A moving optical molasses accelerates
them upwards (“launches”) to a 1-m high, 0.9-s ballis-
tic trajectory, at a temperature of 1.2 − 2µK. Doppler-
sensitive Raman transitions driven by the top and bot-
tom beams select ∼ 106 atoms in the 6S1/2, F = 3,mF =
0 state with a narrowed vertical velocity distribution of
about 0.3 vr full width at half maximum (FWHM). Here,
vr = ~k/M ≃ 3.5mm/s is the recoil velocity for a wave-
length of 852 nm (the Cs D2 line).
High-powered laser beams are mandatory for driv-
ing high-order multiphoton Bragg diffraction. On the
one hand, the effective Rabi frequency [19, 20] Ωeff ≈
Ωn/[(8ωr)
n−1(n − 1)!2] is a very strong function of the
2-photon Rabi frequency Ω, i.e., of laser intensity. On
the other hand, beams of large radius are required to
accommodate the spread of the sample. To generate
the required power, we use a system of injection-locked
Ti:sapphire lasers (Fig. 2). A first ∼ 1.2−W Ti:sapphire
laser is frequency stabilized (“locked”) to the 6S1/2,
F = 3 → 6P3/2, F = 4 transition in a Cs vapor cell,
with a blue detuning δ of 0-20GHz set by a microwave
synthesizer. It injection locks a second one, which has
no intracavity etalons or Brewster plate, and an output
coupler with 10% transmission (CVI part No. PR1-850-
90-0537). Pumped with 17 − 19W from a Coherent In-
nova 400 argon-ion laser, it provides a single-frequency
output power of up to 6W, about 2 times more than the
strongest previously reported [21].
Acousto-optical modulators (AOMs) split the laser
light into the top and bottom beams and shape them into
Gaussian pulses, defined by arbitrary waveform genera-
tors (AWGs). Due to the free fall of the atoms, the reso-
nance condition for ω1−ω2 changes at a rate of 23MHz/s,
which we account for by continuously ramping ω1−ω2 at
a rate of r by AOM3. The ramp (provided by an Analog
Devices AD9954 synthesizer) has a step size of ∼ 0.01µs,
i.e., is essentially smooth even on the time-scale of a sin-
gle Bragg pulse.
Coherent Bragg diffraction at high order n requires
proportionally lower optical wavefront distortions. To
reduce random aberrations, we minimize the number of
optical surfaces. The beams reach the experiment via 5-
m long, single-mode, polarization maintaining fibers and
are collimated at a 1/e2 intensity radius of 8.6mm by a
doublet lens featuring low spherical aberration. Polar-
ization is cleaned by 2” polarizing beam splitter (PBS)
cubes and converted to σ+−σ+ by zero-order λ/4 retar-
dation plates having a specified λ/20 flatness.
For coherent high order Bragg diffraction, the beams
also need to have exceptionally low phase fluctuations
between the top and bottom beams. Therefore, we use
a secondary phase lock [11, 22]: The phase is measured
by detecting the beat note (Fig. 2) and compared to an
electronic reference. Feedback is applied to EOM1 (New
Focus 4002) via a fast high-voltage amplifier [23]. The
∼ 100 ns response of this feedback loop allows us to re-
lock at the beginning of each pulse, within a time that is
negligible compared to the pulse length. The lock point
relative to the reference will be the same for each pulse,
modulo 2pi, thus keeping the phase controlled within and
in between pulses.
The performance of Bragg beam splitters depends
critically on the choice of the duration, envelope func-
tion, and intensity of the pulses [19]. Our setup of-
fers superior control of these. Short pulses, with their
large Fourier width, reduce the sensitivity to the velocity
spread of the atomic sample. However, below an FWHM
of n1/6/[ωr(n− 1)] for Gaussian pulses, losses into other
diffraction orders become significant [19]. We use about
30 − 45µs. At a detuning of 750MHz and a peak in-
tensity of 0.5W/cm2 at the center of each beam, 30~k
momentum transfer was achieved at > 50% efficiency.
For MZ interferometry, we increase the detuning to
δ = 4GHz to further reduce single-photon processes. We
generally apply the first Bragg pulse about 100-200ms
after launch, when the thermal spread of the cloud is
still negligible against the radius of the Bragg beams.
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FIG. 3: A-D show MZ fringes with between 12 and 20~k
momentum transfer; E and F are RB fringes with 12 and 24~k.
G and H show a conjugate 20~k RB-pair. Throughout, T =
1ms, T ′ = 2ms. Each data point is from a single launch (that
takes 2 s), except for F, where 5-point adjacent averaging was
used. The lines represent a sinewave fit.
For ≤ 18~k momentum transfer, we achieve a pi-pulse
efficiency of 80-90%. The fluorescence f1,2 of the two
interferometer outputs is detected as they pass a Hama-
matsu R943-02 photomultiplier tube (located below the
magnetic shield in Fig. 2). To take out fluctuations of
the initial atom number, we use the normalized fluores-
cence f = (f1 − f2)/(f1 + f2). We define the amplitude
of a sinewave fit of the measured fringes as the visibility
V . Fig. 3, A-D show fringes of MZIs with 12 to 20~k
momentum transfer, measured by scanning the phase of
the last beam splitter. The period of the fringes is 2pi/n.
Even at high orders, excellent visibility is achieved, like
V = 52% at 12~k. The strong decrease of V at 20~k
is due to insufficient laser intensity to drive higher-order
multi-photon transitions at δ = 4GHz.
For RBIs, we select the upper interferometer (Fig. 1
B), by shifting ω1 − ω2 of the last pulse pair by ωu ≃
−8nωr, to meet the resonance condition for addressing
the upper interferometer arms. As φL = rT
2 + ωuT
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FIG. 4: Left: C and V (MZ) of 12~k MZIs. V (RB) shows
larger visibility at longer times for a RBI with vibration isola-
tion (Minus K Technology Model 40BM1) for the lower beam
and beat optics (Fig. 2). Right: Visibility versus momentum
transfer.
(where r ≃ 2pi× 23MHz/s is the ramp rate), we measure
the interference fringes by scanning ωu, see Fig. 3 E-H.
Like for MZIs, we achieve an excellent visibility, e.g., V =
36% at 12~k. This is 72% of the theoretical maximum,
which is V = 50% because each interferometer output
overlaps with a fraction of the initial population, which
does not interfere (Fig. 1 B). By reducing δ to 3.3GHz,
we can even increase the momentum transfer to 24~k
and achieve V = 3.6%, which is still useful. Note that
the period of the fringes is 1/(nT ). Since additionally
ωu ∝ n, the resolution to which ωr can be measured
increases by n2, as expected.
Choosing an appropriate positive frequency shift ωℓ
for the last pi/2 pair forms a 20~k lower RBI (Fig. 3 H).
The contrast of this is somewhat reduced, as background
atoms that could not be diffracted by the Bragg pulses
overlap with one of the outputs. From a pair of conjugate
RBIs, which use the same T and T ′, ωr = (ωℓ−ωu)/(16n)
can be obtained independent of g, r, T, or T ′. Here ωℓ, ωu
denote the values at the centers of the fringes.
The visibility decreases for long T and high n (Fig. 4).
This may be ascribed to single-photon excitation (large
n requires larger intensity), or thermal motion, which
removes the atoms from the center of the Bragg beams,
or wavefront distortions of the Bragg beams that smear
out the phase over the atomic sample. Moreover, in spite
of the secondary phase lock, phase noise enters in the
atoms’s inertial frame as a result of the vibrations of the
laboratory frame, in which the phase is stabilized. At
long T (where the vibrations are harder to isolate), the
interferometers’ phase thus becomes uncontrolled. Thus,
the normalized fluorescence will fluctuate with a contrast
C =
√
2σ, where σ is the standard deviation, but V goes
to zero. From the measurement of C (Fig. 4) we find
that, while V is reduced by vibrational noise, interference
is still taking place throughout to a pulse separation time
as long as T = 100ms.
This work provides a tool for measurements of in-
creased sensitivity and accuracy. For example, the fine-
structure constant can be measured via the relation
α2 = (2R∞/c)(M/me)(h/M). The Rydberg constant
R∞ and the Cs to electron mass ratio M/me are known
to precisions of 0.007 and 0.5 ppb, respectively [24]. A
4non-interferometric measurement based on ∼ 450 Bloch
oscillations [5] and an RBI with 30 additional pi pulses
[4] both reach around 7 ppb in α. Replacing the beam
splitters by 24 photon Bragg diffraction as demonstrated
here can increase the phase of the RBI by a factor of
144. For example, from data taken with n = 10 (Fig.
3 G and H), we obtain ωr = 2pi × 2066.427(11)Hz
and α−1 = 137.03653(35) [2.6 ppm], compatible at 1.5σ
with the accepted value. This statistical uncertainty
would be 260ppm if we had taken this data [T = 1ms,
V ∼ (4 − 10)%] with n = 1. While not being a compet-
itive measurement of α, this clearly shows the power of
the method.
We expect to increase T to 400ms with the help of
the vibration cancellation afforded by simultaneous con-
jugate RBIs [11, 22]. As the sensitivity scales like n2T ,
use of n = 12 and T = 400ms offers a ∼ 500−fold gain
over the best previous RBI, (n = 1, T = 120ms). Since
the ultimate limit on the accuracy will be systematics,
such a large sensitivity is unnecessary; operation without
the 30 additional pi pulses would still be sufficiently sensi-
tive and help to reduce systematic effects by simplifying
the geometry to a basic RBI. This has an additional ben-
efit: the finite efficiency of the additional pi pulses reduces
the contrast to about 15% in Ref. [4]. With multiphoton
Bragg diffraction, operation without additional pi pulses
is possible, which can make up for the loss of contrast at
the highest Bragg diffraction orders (Figs. 3,4).
Moreover, Bragg diffraction leaves the internal quan-
tum states of the atoms unchanged, so that systematic
effects like the Zeeman and Stark effects cancel out be-
tween the interferometer paths. (A smaller contribution
due to background field gradients remains.) The thick
Bragg beams with good wavefront quality used here re-
duce other dominant systematic effects [3, 4, 5], while
the 80µrad phase noise of our laser system means that
the final accuracy can be reached within low integration
time. For other systematic effects and their suppression,
see also [11, 22, 25]. A ppb-level measurement of α via
~/M could serve for testing of quantum electrodynamics
by comparison to α as derived (to 0.4 ppb) from a mea-
surement of the electron’s anomalous magnetic moment
g−2 [26]. The influence of hadronic vacuum polarization
would be revealed, and bounds on low energy dark mat-
ter and a possible internal structure of the electron could
be established via their hypothetical effect on g − 2.
We have presented atom interferometers that use
Bragg diffraction for beam splitters that transfer up to
24~k. Even with high (12~k) momentum transfer, the
visibility is comparable or superior to typical interfer-
ometers based on 2-photon transitions. Interference is
observed up to a pulse separation of 100ms. Up to 30 ~k
were transferred in a single diffraction. Factors that lead
to this progress include (i) improved understanding of
multiphoton Bragg diffraction [19], especially of the in-
fluence of the pulse shape, (ii) a 6-W injection locked
Ti:sapphire laser system, (iii) good wavefront quality
and large diameter of the Bragg beams, and (iv) a sec-
ondary phase locked loop to reduce phase noise. We have
discussed applications for precision atom interferometry.
The potential of multiphoton Bragg diffraction for atom
interferometry is clear.
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